Abstract We describe an ion-based cavity-QED system in which the internal dynamics of an atom is coupled to the modes of an optical cavity by vacuum-stimulated Raman transitions. We observe Raman spectra for different excitation polarizations and find quantitative agreement with theoretical simulations. Residual motion of the ion introduces motional sidebands in the Raman spectrum and leads to ion delocalization. The system offers prospects for cavity-assisted resolved-sideband groundstate cooling and coherent manipulation of ions and photons.
Introduction
The interaction of a single atom with a single optical mode is of considerable interest for a variety of applications in quantum computation and communication [1, 2, 3, 4] . Coherent interaction between a single atom and photons requires all loss mechanisms to be weaker than the coherent coupling. This is typically achieved by placing the atom inside a high-finesse cavity. Advances in controlling the internal and external degrees of freedom of the atom have lead to tremendous progress in neutral atom-based cavity-QED experiments. Several single photon sources [5, 6] , atom-mediated photon-photon entanglement [7] , and the reversible mapping of a specific photon state onto the internal state of an atom have been demonstrated [8] . Even better control over the internal and external atomic degrees of freedom can be achieved in trapped ion systems, as demonstrated by the achievements in quantum information processing [9, 10, 11, 12, 13] . This offers exciting prospects for ion-trap based cavity QED. Previous implementations have demonstrated that single ions can be trapped in electro-dynamic Paul traps for many hours, localized to a fraction of a wavelength within the standing wave of an optical cavity [14, 15] . Furthermore, coherent coupling between atom and cavity mode [15] , the generation of single photons on demand [16] , and the reduction of the excited state lifetime due to the presence of the cavity field [17] have been shown. The implementation of cavity QED with trapped ions is technologically very challenging due to the cavity size constraints imposed by the ion trap. As a consequence, the strong coupling regime has not yet been reached. Here, we report on a next-generation ion-based cavity-QED system (Section 2) in which we are able to drive Raman transitions between two atomic states while simultaneously emitting a photon into the cavity (Section 3). We investigate the spectra and polarization of the Raman resonances in the case of a trapped 40 Ca + ion for different Raman drive laser polarizations (Section 4). We find that simulations of the Raman spectra are in good agreement with the experiment. The experimental spectra exhibit motional sideband resonances of all three trap modes. This is a result of imperfect ion localization due to residual motion. A more quantitative understanding of the ion's localization with respect to the cavity field is gained by observing the visibility of the cavity's standing wave.
In this system, we are able to reach an intermediate coupling regime by adjusting the relative strength of coherent and incoherent processes to be approximately equal. This regime is characterized by intriguing, yet unexplored features that can be studied with our system. + showing the relevant ion-field couplings for driving Raman transitions and repumping. Ω1 and Ω2 are the Rabi frequencies of the drive and repump lasers, respectively, while ∆1 and ∆2 are their detunings from resonance. The spontaneous decay rates from the excited state are given by 2γ1 and 2γ2. The cavity is detuned by ∆c from the atomic resonance and the ion-cavity interaction is characterized by the single-photon Rabi frequency 2g.
Setup
In the following we will briefly describe the experimental setup of our ion-based cavity-QED system. Further details can be found in [18] .
Ion Trap

A single
40 Ca + ion is stored in a linear Paul trap [19] , surrounded by an optical cavity as shown in Fig. 1(a) .
Radial confinement is achieved by applying a radio-frequency of a few hundred volts at 23.4 MHz between two opposing pairs of razor-blade-shaped electrodes with a radial ion-electrode separation of 0.7 mm. Axial trapping is provided by applying a positive potential of typically 950 V to two tip electrodes opposing each other in the axial direction at a distance of 4 mm. The resulting trapping frequencies for a single 40 Ca + ion are ∼ 3 MHz and ∼ 1 MHz in the radial and axial directions, respectively. Resistive heating of a metal tube generates a thermal beam of neutral 40 Ca atoms, which are then loaded into the trap via a two-step photoionization process: an external-cavity diode laser at 422 nm excites an electron to the 1 P 0 state of neutral calcium, from which it is ionized by a 375 nm laser. The ion lifetime in the trap typically ranges from several hours to days, allowing extended experimental investigations with one and the same atom.
High-Finesse Cavity
The ion trap is surrounded by two highly reflective mirrors, made by Research Electro-Optics (Boulder, CO, USA). The mirrors are separated by 19.92 mm in a near-concentric configuration which was determined by a spectral analysis of higher order cavity modes. The derived cavity waist is 13 µm and gives a single-photon Rabi frequency of 2g = 4π × 1.61(2) MHz on the | D 3/2 →| P 1/2 transition (see Fig. 1(b) ). However, this value is reduced to 1.4 MHz due to relative motion between ion and cavity (see Section 4.3). The cavity features asymmetric mirror reflectivities, so that photons exit the cavity predominantly through one of the two mirrors. A cavity ring-down measurement yields a cavity finesse of ≈ 70(1)×10
3 at 866 nm. The resulting field decay rate is κ = 2π × 54(1) kHz. The properties of the mirrors have been carefully analyzed by measuring the reflected and transmitted power from both sides of the cavity, in an extension of the method described in [20] . The transmission of the mirrors was measured to be 1.9(4) ppm and 17(3) ppm, whereas the total loss amounts to 71(3) ppm. As a result, an intra-cavity photon is transmitted with 19(2)% probability through the mirror with higher transmission. The mirrors are mounted via piezo-electric transducers to a U-shaped mount which itself is mounted on a piezo-electric xy-stage that allows precise alignment of the cavity with respect to the ion. The cavity length is stabilized using a transfer lock scheme in which the cavity is locked to a diode laser at 785 nm. This laser is frequency-stabilized to an acoustically isolated and thermally stabilized high-finesse reference cavity [21] , yielding a linewidth of ≈ 5 kHz. We use the Pound-DreverHall method [22] to derive an error signal from the optical resonance of this light with the trap cavity (finesse of ≈ 10000 at 785 nm). A feedback signal is generated to adjust the length of one of the two piezos on which the transmission/ optical element efficiency cavity output coupling 19(2)% fiber coupling and transmission 92(2)% filter and optical path 67(2)% APD1 42(2)% APD2 41(2)% Table 1 Quantum efficiencies and transmission of the Hanbury-Brown&Twiss setup. The combined error in the detection efficiency is estimated to be 14%.
mirrors are mounted. The system's first mechanical resonance at 5 kHz limits the bandwith of the feedback, resulting in residual frequency excursions of up to 350 kHz on a millisecond timescale.
Laser systems
Figure 1(b) shows a simplified level scheme of 40 Ca + . We use a frequency-stabilized and frequency-doubled Ti:Sapphire laser with a linewidth of ≈ 30 kHz to address the | S 1/2 to | P 1/2 transition at 397 nm. This transition has a spontaneous decay rate 2γ 1 = (2π × 20.6 MHz). From the excited state, the atom can also decay at a rate of 2γ 2 = (2π × 1.69 MHz) to the | D 3/2 state wich has a lifetime of 1.176 s [23] . Repumping back to the | P 1/2 state is achieved with a frequency-stabilized diode laser at 866 nm exhibiting a linewidth of ≈ 150 kHz. Its polarization is set to drive σ + /σ − (∆m J = ±1) transitions between the | D 3/2 and | P 1/2 magnetic sublevels. At 397 nm, we have a far-detuned laser beam to drive Raman transitions and a near-resonant Doppler cooling beam with a detuning of ≈ 10 MHz red of the | S 1/2 →| P 1/2 transition. In the absence of the Doppler cooling laser, the Raman drive laser provides weak cooling of the ion via off-resonant scattering. All experimental parameters, including Rabi frequencies, detunings and linewidths of the lasers, as well as the magnetic field, were calibrated by fitting dark resonance and excitation spectra, generated by sweeping the frequency of the repump laser with fixed detuning of the drive or cooling lasers. The typical errors are estimated to be below 10% for all parameters.
Detection system
Fluorescence from the | S 1/2 →| P 1/2 transition is imaged onto a photo-multiplier tube (PMT, EMI P25PC) and an electron-multiplication charge-coupled device camera (EMCCD, Andor Ixon DV860AC-BV). We use narrowband filters to block light other than 397 nm in both channels. The camera is used to visually confirm that only a single ion is trapped after loading. All other diagnostics and measurements on the | S 1/2 →| P 1/2 transition are performed using the PMT. The overall detection efficiency for fluorescence at the PMT is 1.7% and the count rate from a single ion is ≈ 60 kHz.
All measurements presented here are based on photons emitted by the high-finesse cavity. Photons leaving the cavity through the exit mirror are coupled into a multi-mode optical fiber. The fiber is connected to a Hanbury-Brown&Twiss (HBT) setup consisting of a non-polarizing 50/50 beam splitter and two avalanche photodiodes (APDs, Perkin-Elmer SPCM-AQR-15). A Raman-edge filter at 830 nm removes the light from the transfer lock laser at 785 nm, whereas a narrow-band filter for 866 nm suppresses all other stray light. The dark count rates of the two APDs in the experiments presented here are ∼ 75 counts/s and ∼ 180 counts/s. The total background count rate of the APDs is ∼ 300 counts/s for the experiments described in the following sections. A careful calibration of this system's detection efficiency was performed (see Table 1 for details). As a result, a combined count rate of both detectors of 32(4) kcounts/s for a mean intra-cavity photon number of one can be inferred. Photo-detection events of the APDs are timetagged with dedicated hardware (PicoQuant PicoHarp) with a timing resolution of 4 ps. The timing resolution of the APDs is 300 ps with a measured dead time of 88(4) ns. The HBT setup allows us to measure correlations between photons successively emitted by the cavity. However, for the experiments reported here, we sum the outputs of the two APDs, neglecting photon correlations.
Vacuum-stimulated Raman transitions
While the experiments discussed here do not rely on coherence of the atom-cavity system, a primary objective of future research will be the study of coherent atom-photon interactions. This requires that all incoherent processes, such as cavity and atomic decay rates κ and γ = γ 1 + γ 2 , respectively, are much smaller than the coherent interaction g. This so-called strong coupling regime is not met by our experimental parameters: (g, κ, γ) = 2π × (1.61, 0.054, 11.1) MHz. However, this limitation can be mitigated by introducing a Raman coupling scheme in which the drive laser and cavity are detuned from the atomic resonance by ∆ 1 and ∆ c , respectively (see Fig. 1(b) ) [24] . In this situation the effective spontaneous decay is reduced, while maintaining a sufficiently high Raman coupling rate. This intermediate coupling regime, in which all relevant rates are approximately equal, has interesting physical features that have not been explored in the past, such as the ability to accumulate photons in the cavity.
We drive vacuum-stimulated Raman transitions from | S 1/2 via | P 1/2 to the | D 3/2 states by applying the drive laser at 397 nm detuned by ∆ 1 ≈ 320 MHz to the red of the | S 1/2 →| P 1/2 resonance. The cavity is at Raman resonance (∆ c ≈ 320 MHz) with the drive laser (see Fig. 1(b) ). We can adjust the resonance condition by either tuning the 397 nm drive laser frequency via acousto-optic modulators or tuning the cavity resonance via the 785 nm transfer laser. As shown in Fig. 2(a,b) , up to eight electronic atomic levels contribute to the observed Raman spectra. In the following, atomic levels | L J , m J are designated by their orbital angular momentum L, the total angular momentum J and its projection m J onto the quantization axis which coincides with the magnetic field B. To quantitatively describe the system, numerical simulations using the Quantum Optics Toolbox package [25] for the MATLAB programming environment were developed [18] . A master equation approach was used that includes all atomic levels and cavity excitations with a restricted Fock state basis, similar to [26] . In brief, we apply the dipole and rotating wave approximation in the atomfield interaction. The line strengths of the transitions and the projection of the field's polarization onto the quantization axis are taken into account for the lasers and the cavity field (see Fig. 1 ). The lifetime of the Dlevels has been assumed infinite, which is a valid approximation considering the micro-second timescales of the atomic and cavity dynamics. Laser linewidths have been included by introducing appropriate collapse operators [27] . We neglect motion of the ion, which is a valid approximation only for a very strongly localized ion wave packet z 0 k ≪ 1, where z 0 is the size of the wave packet Table 2 lists the magnetic field dependence, line strengths and involved sublevels of the Raman transitions for excitation with purely π, σ + or σ − polarized light and ideal modematching to the cavity field. Fig. 3 Raman spectra of the ion-cavity system for different drive laser configurations. Observed APD photon count rate as a function of the drive laser detuning for (a) σ and (b) π drive laser polarization. The dotted line is a simulation using independently calibrated parameters.
In our setup, the magnetic field is oriented perpendicularly to both, the cavity axis and the drive laser directions (see Fig. 1(a) ). The linear polarization of the drive laser can be chosen to drive π (∆m J = 0) or σ + /σ − (∆m J = ±1) transitions, which we call the π and σ drive laser configurations, respectively (see Fig. 2(a,b) ). Since only one of the σ + /σ − components of the drive field couples to the ion, the respective effective line strengths are reduced by half compared to the π drive laser configuration. Similarly, the effective line strength of σ-polarized photons emitted into the cavity is half the maximum line strength. This stems from the non-vanishing electric field projections of the σ + /σ − polarized Stokes photons onto the cavity axis. This part of the photon's field is not supported by the cavity mode, which results in a reduction of the observed line strength by a factor of two. Both effects lead to a reduction of the expected effective line strength and are accounted for in the effective line strengths shown in Fig. 2(c,d) . The projection of the emitted photon's electric field onto the mode of the cavity field results in horizontally (vertically) polarized cavity photons for π (σ + /σ − ) transitions.
Results
Raman spectra
In a first experiment, Raman transitions in the ion-cavity system are observed for different drive laser polarizations. The drive and repump lasers are simultaneously applied with intensity-stabilized Rabi frequencies of Ω 1 = Fig. 4 Raman spectra of the ion-cavity system for π-drive laser polarization. Observed APD photon count rate for (a) horizontally and (b) vertically polarized photons leaving the cavity as a function of the drive laser detuning. The dotted line is a simulation using independently calibrated parameters. The insert shows a zoom of the leftmost resonance indicating motional sideband resonances that are offset from the main resonance by ±1.08 MHz and ±2.92 MHz corresponding to the axial and radial trap frequencies ωz and ωr, respectively.
82(8) MHz
and Ω 2 = 7.7(7) MHz, respectively. The repump laser is detuned by ∆ 2 = 0.5(2) MHz to the red of the | D 3/2 →| P 1/2 resonance. In addition, a nearresonant cooling laser with a detuning of ≈10 MHz below the | S 1/2 →| P 1/2 transition is applied to the ion to perform efficient Doppler cooling. As a function of the drive laser detuning from Raman resonance with the cavity, we count the number of photons detected by both APDs in a time interval of 1 s for each data point. The degeneracy between magnetic sublevels m J is lifted by a magnetic field of B ≈0.28 mT. Fig. 3(a) and (b) show spectra of all six Raman resonances in the ion-cavity system for σ and π polarization of the drive laser, respectively. A simulation of the Raman spectroscopy is shown as dotted lines in Fig. 3(a,b) . It is worthwhile to mention that the parameters entering the simulation are all independently calibrated (as described in Section 2.3), but adjusted within their calibration error to match the spectra. The observed spectroscopic features are quantitatively reproduced by the simulation and agree with the effective line strengths and spectral separations as schematically depicted in Fig. 2(c,d ).
According to Table 2 and Fig. 2 , peaks in the Raman spectrum correspond to either horizontally or vertically polarized cavity photons. This was confirmed by an experiment in which a polarizer was placed at the cavity output that allows us to selectively detect either horizon- tally or vertically polarized photons. The result of this measurement is shown in Fig. 4 for π drive laser configuration and a magnetic field of B = 0.61 mT. Again, the simulation agrees quantitatively with the experimental data. The observed line strengths in Fig. 4(b) show an asymmetry which we attribute to preferential optical pumping into the | S 1/2 , +1/2 ground state by the repump laser. This is supported by the master equation simulation of the experiment. Small deviations in the strength of the resonances between theory and experiment are attributed to additional optical pumping by the near-resonant Doppler cooling laser, which is not accounted for in the simulations.
Effect of motion on spectra
The experimental data in Fig. 4(a) shows additional resonances separated by approximately ±1.08 MHz and ±2.92 MHz from the main resonances with a reduced strength. These are identified with motional sidebands of the axial and radial motion of the ion in the trap [28] , at frequencies of ∼ 1 MHz and ∼ 3 MHz, respectively. This is a first proof-of-principle experiment showing that we can resolve and address all three oscillation modes of the ion in the trap. In future experiments, these wellresolved resonances could be used to cool the ion into the motional ground state, with the photon decay rate from the cavity being the dominant channel for dissipation [29, 30] .
Since the sideband Rabi frequencies scale approximately as the square root of the number of motional excitations [31] , the effect of motional sidebands on the spectrum is expected to become more pronounced if the ion is hot. Fig. 5 shows Raman spectra in π drive laser configuration with and without the Doppler cooling beam. The spectrum without Doppler cooling exhibits no clearly identifiable carrier resonances but rather a series of resonances including carrier and motional sidebands. We conclude that spectral information can only be obtained if the ion is sufficiently cold. This can either be achieved by continuously applying a Doppler cooling beam in addition to the Raman drive laser (as in Fig. 5 ), or in a pulsed excitation by interleaving Doppler cooling with spectroscopy.
Ion localization
Another probe of the ion's temperature is its localization within the standing wave of the cavity [32, 14, 33] . For this, we tune the π-polarized drive laser to one of the Raman resonances and apply a 25 µs drive laser pulse, followed by a 1 µs wait time. After a 5 µs repump pulse with the 866 nm laser, followed by another 1 µs wait time, the sequence is repeated. During this last step, a near-resonant cooling laser can be applied to the ion for efficient Doppler cooling as described above. We have confirmed that this time is sufficient to reach steady-state conditions. During the whole sequence, we detect if a photon has been emitted by the cavity with the APDs. This way, typically 24000 cycles per data point are integrated. Changing the offset voltage of one of the two cavity piezos allows us to move the cavity field with respect to the ion for each data point. The other piezo is locked to stabilize the cavity length and follows the displacement of the first piezo. Fig. 6 shows the result of the experiment with and without optional Doppler cooling. The standing wave visibilities obtained from the fits (solid lines in Fig. 6 ) are V cool =60% and V nocool =35% with and without Doppler cooling, respectively. The root-mean-square size σ of a Gaussian wave packet describing the localization of the ion is related to the observed visibility by the relation V = exp −2(kσ) 2 , where k = 2π/(866 nm) is the wavenumber of the cavity field [32, 33] . This leads to a relative localization of the ion wave packet with respect to the cavity field of σ cool =70 nm and σ nocool =100 nm. The comparably large ion delocalization in the absence of the Doppler cooling beam is an indication of insufficient cooling by the fardetuned drive laser. Although additional Doppler cooling improves the observed localization, the theoretical limit of σ theory ≈ 18 nm is not reached. We attribute this discrepancy to center-of-mass vibrations of the Ushaped cavity mirror mount. This is supported by an interferometric measurement of the cavity's motion.
Another consequence of the ion's delocalization is a reduced atom-cavity coupling strength g. From a localization of 70 nm, we derive that g is reduced from g max = 1.61 MHz to g obs = 1.4 MHz. This is confirmed by quantitative agreement between observed spectra and the numerical simulations, which use g obs as one of the calibrated input parameters.
Conclusion
We have described a novel design for a cavity QED system based on trapped ions. We demonstrated that simulations of the Raman spectra using independently calibrated parameters obtained from dark resonance and excitation spectra can be used as a powerful tool to quantitatively predict the observed spectra. Residual motion of the ion introduces clearly resolvable motional sidebands in the spectrum. This offers exciting prospects for motional ground state cooling of atomic or molecular ions using the loss of photons from the cavity as the dominant dissipative channel [29, 30] . Furthermore, adjusting the strength of Raman transitions allows us to tune the ratio between coherent and incoherent rates to place the system in an intermediate coupling regime. Future experiments will profit from the exquisite control over the internal and external degrees of freedom in ion trap experiments, combined with the ability to (coherently) couple an atom to the optical modes of a cavity.
